Vasopressin's role as a vasoconstrictor in chronic heart failure was examined in rabbits with adriamycin cardiomyopathic congestive heart failure. Chronic adriamycin treatment resulted in a decrease in cardiac output (829±38-610±36 ml/mi, P < 0.005) and blood pressure (83±2-76±3 mmHg, P < 0.01), and an increase in peripheral resistance (8,377±381-10,170±657 dyn-s-cm-, P < 0.05). Plasma renin activity (4.7±0.6-10.9±2.8 ng angiotensin I/ml * h) and norepinephrine (0.7±0.1-13±0.2 pmol/mL P < 0.05) increased while plasma vasopressin levels did not change. Vasopressin infusion, however, produced significantly greater increases in peripheral resistance in animals with heart failure than in controls. Moreover, a specific vasopressin vascular antagonist reduced blood pressure (7±3%) and peripheral resistance (14±4%) and increased cardiac output (10±3%) in animals with heart failure but had no cardiovascular effects in normal rabbits. These results suggest that vascular sensitivity to vasopressin is increased in heart failure, and that it contributes significantly to the increased afterload in heart failure despite normal plasma levels. In this model of severe, chronic heart failure the sympathetic, renin-angiotensin, and vasopressin systems all appear to be activated.
Introduction
The failing heart is exquisitely sensitive to changes in the resistance against which it ejects. Thus, in low output congestive heart failure, compensatory vasoconstriction mediated by neurohumoral factors may be detrimental. Activation of the sympathetic nervous system (1, 2) and the renin-angiotensin system (2, 3) have been implicated as vasoconstrictor mechanisms. A third important vasoconstrictor hormone system that may be involved is vasopressin. Plasma levels of vasopressin have been elevated in some patients with heart failure (4, 5) and in some experimental models of heart failure (6, 7) . These studies have, in general, been concerned with the antidiuretic rather than the vasopressor action of vasopressin. The recent development of specific antagonists to the vascular receptors for vasopressin (8) has led to a defined role for vasopressin in cardiovascular adaptation to the stresses of hemorrhage (9) , dehydration (10), adrenal insufficiency (1 1), and in experimental hypertension (12) . In this study we examined the vascular actions of vasopressin in adriamycin cardiomyopathic congestive heart failure in the rabbit. This is an animal model of chronic, low output heart failure that closely resembles human heart failure (13, 14) . We used three separate experimental approaches to evaluate the role of vasopressin in this model. These approaches involved measuring resting plasma vasopressin levels, determining the hemodynamic effects of vasopressin infusion, and (15) and AVP (16) and radioenzymatic assay for NE (17) .
Vasopressin infusion studies. The hemodynamic response to infused vasopressin was examined in five normal controls and five animals with adriamycin-induced heart failure. Vasopressin (8- (18) . Resting hemodynamic measurements were made as previously described and repeated at the end ofeach infusion. 5 ml ofblood was drawn at baseline and at the end of each infusion period to measure vasopressin levels. The volume withdrawn was replaced with 0.9% saline. In each case the 2.5-ng/kg min infusion was followed by the 25-ng/ kg min infusion. One rabbit with heart failure died shortly after commencing the higher dose infusion and the results for this infusion rate in animals with heart failure were from four rabbits only.
A VPA studies. The hemodynamic responses to an AVPA were examined in 10 rabbits with heart failure (group 1) and in 5 normal controls (group 3). The effect of vehicle alone was also examined in six rabbits with heart failure (group 2). In these studies, five sets of resting hemodynamic measurements were made (as previously described) immediately before the bolus administration ofAVPA or vehicle and this was repeated 15 min later. (8, 19) . We used 30 pg/kg ofeither antagonist, a dose which was shown in a preliminary study to abolish the pressor response to bolus doses of 100 ng/kg * AVP for > I h.
Statistics. Results are expressed as the mean±standard error of the mean. Within group, analysis was performed by paired t test while differences between groups were analyzed by unpaired t test. All P values were two-tailed and P < 0.05 was considered to be statistically significant.
Results
After 8 wk ofadriamycin therapy all animals had signs ofsevere congestive heart failure at postmortem examination, as evidenced by severe cardiac dilation and the accumulation of fluid in pleural, pericardial, and peritoneal cavities.
Resting hemodynamic measurements. The results of paired hemodynamic measurements in resting animals studied before and after adriamycin treatment are shown in Fig. 1 . In this group of 10 animals, mean blood pressure fell from 83±2 to 76±3 mmHg (P < 0.01). Cardiac output decreased from 829±38 ml/ min to 610±36 ml/min (P < 0.005), while peripheral resistance increased from 8,377±381 dyn-s-cm-5 to 10,170±657 dyn-scm-S (P < 0.05).
The pretreatment hemodynamic values in these 10 animals studied sequentially were similar to our results in the larger group of 37 normal animals, while posttreatment values were similar to those in seven other adriamycin-treated animals. This data was combined and the results are shown in Table I . Adriamycintreated animals had a significantly reduced cardiac output (38% decrease, P < 0.001) and an increased peripheral resistance (32% increase, P < 0.005) compared with normal controls. Heart rate was also increased in heart failure (13% increase, P < 0.05).
However, blood pressure and right atrial pressure were not significantly different from control animals statistically. 4.3±0.5 ng/ml, P < 0.001). Resting NE levels in the heart failure group were double the control values (1.3±0.2 vs. 0.6±0.1 pmol/ ml, P < 0.005). Plasma AVP was not significantly different in heart failure (7.4±1.5 fmol/ml) and control animals (10.8±1.5 fmol/ml), and plasma osmolality was also similar in the two groups (285±3 vs. 283±1 mosM, P > 0.1).
In the heart failure group, plasma renin was correlated positively with peripheral resistance (r = 0.61, n = 15, P < 0.01), and negatively with cardiac output (r = -0.70, n = 15, P < 0.01).
Plasma levels of NE and vasopressin did not correlate with any of the hemodynamic variables.
Response to vasopressin infusion. In control animals (n = 5), vasopressin infused at 2.5 ng/kg min for 30 min produced a plasma vasopressin level of 131±26 fmol/ml, but did not change mean blood pressure, cardiac output, or peripheral resistance (Table II) . During vasopressin infusion at 25 ng/kg-min, giving a plasma vasopressin level of 2,205±531 fmol/ml, mean blood pressure did not change significantly, but cardiac output was decreased, peripheral resistance increased, and heart rate decreased compared with the control levels (Table II) .
In animals with heart failure, the lower dose vasopressin infusion, producing similar vasopressin levels of 75±20 fmol/ ml, again did not change blood pressure (+2 mmHg), but did produce a significant decrease in cardiac output (1 10±27 ml/ min) and an increase in peripheral resistance (2,763±371 dyns-cm-5). The higher dose vasopressin infusion achieved plasma levels of 667±162 fmol/ml without a change in blood pressure, but cardiac output was further reduced (221±63 ml/min) and peripheral vascular resistance further increased (5,838+790 dyns-cm"5) (Fig. 3) . The effects of vasopressin infusion on peripheral vascular resistance in the two groups are shown in Fig. 3 . At both infusion rates, despite lower plasma vasopressin levels, the changes in total peripheral resistance were significantly higher in the rabbits with heart failure than in normal rabbits; at the low infusion rate of 2.5 ng/kg * min the changes were (2,763±371 vs. 27±477 dyn-s-cm-5, P < 0.01) at the higher dose infusion (5,838±790 vs. 2,538±694 dyn-s-cm-5, P < 0.01). The change in resistance in the heart failure animals with the lower dose infusion was equivalent to that seen at the tenfold higher dose in the controls.
Hemodynamic response to AVPA. The hemodynamic response to the antagonist of the pressor effects of vasopressin are summarized in Fig. 4 . Administration of 30 ng * kg ofthe AVPA to 10 animals with heart failure resulted in a significant increase in cardiac output (518±46-562±43 ml* min, P < 0.005) associated with a significant fall in blood pressure (76±4-71±5 mmHg, P < 0.05) due to a marked decrease in calculated total peripheral resistance (12,191±1,079-10,431±1,004 dyn-sm-5c, P < 0.01). The administration of vehicle to animals in heart failure did not alter any of these hemodynamic variables (Gp 2, n = 6), nor did the administration of AVPA to normal rabbits (Gp 3, n = 5) produce any hemodynamic changes.
Changes in PRA and NE in response to A VPA. The changes in PRA and NE in response to vasopressin blockade in heart failure are shown in Table III . PRA decreased significantly (P < 0.05) and NE increased (P < 0.05) after administration of AVPA to these animals. Neither PRA nor NE were significantly altered after AVPA in normal animals (Table HI) or after vehicle in heart failure (PRA: 17±5.5-15±5.7 ng Al/ml per h; NE: 1.0±0.2-1.1±0.1 pmol/ml). 
Discussion
The results of this study show that chronic administration of adriamycin in rabbits produced a cardiomyopathy with the characteristic hemodynamic and hormonal changes of low output heart failure. These results confirm and extend the results of our previous study in this model of heart failure (14) . The fall in cardiac output observed in the adriamycin-treated animals occurred despite a resting tachycardia and was associated with a significant increase (32%) in vascular resistance. Right atrial pressure did not increase, which is perhaps surprising in view of the cardiac dilation and hepatic congestion observed in the model (13, 14) . However, it should be pointed out that only resting hemodynamic measurements were made in this study and the animals were not subject to any stress to examine myocardial reserve. There is also some evidence that adriamycin may affect the left ventricle more than the right (13). An increase in total peripheral resistance is a characteristic feature of low output heart failure and is considered to be due to the activation of vasoconstrictor systems. In this study the increased peripheral vascular resistance in adriamycin cardiomyopathic heart failure could be explained, in part, by significant activation ofboth the sympathetic nervous system and the reninangiotensin system. Increased sympathetic activity was suggested by the increase in plasma NE levels and resting heart rate. The marked increase in PRA levels in treated animals and the significant correlation between PRA and peripheral vascular resistance in the heart failure group provide evidence for a significant contribution of the renin-angiotensin system. Moreover, the renin-angiotensin system appears to be activated as early as 4 wk in this model of heart failure (14) . These findings are in keeping with the extensive literature that supports a role for the sympathetic nervous system and renin-angiotensin system in heart failure based not only on the measurement of resting hormone levels but also on the effect of blockade of these systems (1-3).
Vasopressin is a third vasoconstrictor whose importance in cardiovascular homeostasis in dehydration (10), hemorrhage (9) adrenal insufficiency (1 1), and experimental hypertension (12) has been confirmed with the advent of specific antagonists to the vascular actions of vasopressin (8, 19) . Vasopressin levels may be elevated in heart failure, particularly when considered in relation to osmolality, which is often reduced (4, 5) . Most studies however have examined the contribution of vasopressin to fluid and electrolyte abnormalities rather than to the vasoconstriction that occurs in heart failure (4-7).
Two recent studies have focussed on the vascular actions of AVP in heart failure. Riegger et al. (20) reported that the AVP antagonist d(CH2)5 Tyr(Me) AVP had no significant hemodynamic effect in rats with heart failure produced by a large aortocaval shunt. However, this is a model of high output heart failure and it is difficult to measure any changes in peripheral vascular resistance in the native circulation in this model because of the dominant influence of the low resistance shunt. To date, the responses to an AVPA antagonist have only been examined in one study in patients with congestive heart failure (21) . In that study, AVPA had no effect in patients with stable heart failure who received conventional antifailure therapy. These patients all had normal plasma levels of AVP and PRA and only mildly elevated NE. However, a marked vasodilator response was observed in a single patient with unstable severe heart failure and markedly elevated levels of AVP, PRA, and NE.
The potential role of vasopressin as a vasoconstrictor hormone in heart failure was examined in animals with adriamycin cardiomyopathic heart failure in three ways: by measurement of plasma vasopressin levels; by examining the hemodynamic response to vasopressin infusion; and by determining the response to blockade of the vascular effects of vasopressin using specific peptide antagonists. Plasma vasopressin levels were not significantly different in animals with heart failure compared with normal controls. However, increased sensitivity to vasopressin in animals with heart failure was suggested by the significant rise in peripheral vascular resistance in these animals, but not in controls, in response to infusion of 2.5 ng/kg-min vasopressin, although plasma levels were similar. The 25 ng/ kg min infusion rate increased resistance in both normals and animals with heart failure, but the increase in the latter group was significantly greater than in the normals despite lower plasma vasopressin levels. This increased sensitivity to vasopressin in heart failure may be due to impaired baroreflex activity. Vasopressin has specific effects on baroreflex mechanisms that tend to buffer its pressor actions (22, 23) , and vasopressin infusion causes a greater decrease in lumbar (24) and renal (25) sympathetic nerve activity than equipressor doses of phenylephrine. Vasopressin sensitivity is increased in baroreceptor denervated animals (26) and in patients with impaired baroreflexes due to autonomic neuropathy (27) . The markedly attenuated baroreceptor reflex described in heart failure (28) may similarly increase sensitivity to vasopressin. Alternatively, vasopressin's influence on baroreceptor mechanisms may be altered in heart failure (22) (23) (24) (25) so that it no longer inhibits sympathetic activity, leaving vasopressin's direct vasoconstrictor actions unopposed.
The results of vasopressin blockade with AVPA provide further evidence for a role for vasopressin as a vasoconstrictor in heart failure. The AVPA produced significant falls in blood pressure and peripheral resistance and an increase in cardiac output in rabbits with heart failure. In contrast, neither the administration of vehicle to animals with heart failure nor the administration of AVPA to normal controls resulted in any significant hemodynamic change. Since AVP levels were not elevated in animals with heart failure, the vasodilator response to AVPA observed in these animals may be explained by an increased sensitivity to AVP. A second possibility is that the AVPA acted centrally rather than peripherally. A nonselective vasodilatory response seems unlikely, as these analogues appear to be highly selective antagonists to the vascular effects of AVP (8, 10, 19) and do not produce vasodilation in normal controls. An alternative possibility, recently raised, is that vasopressin might cause vasodilation by its action on antidiuretic receptors when its vasoconstrictor action is blocked (29) .
After treatment with the vasopressin antagonist, plasma NE levels increased in animals with heart failure, suggesting that blockade resulted in activation of the sympathetic nervous system. A small but significant fall in PRA levels was observed in animals with heart failure after treatment with the AVPA. This is surprising, since vasopressin is known to suppress renal renin release, although the mechanisms have not been defined (30) . Moreover, the fall in blood pressure and increased NE levels after AVPA would tend to increase PRA. A possible explanation for the fall in PRA after AVPA is that the antagonist may improve renal blood flow, which is markedly reduced in this model of heart failure (14) . Another possibility is that the fall in PRA was a result of antidiuretic agonist activity of the vasopressin analogue. The changes in PRA levels after the AVPA may have contributed to its hemodynamic effects, although this is considered unlikely since the changes were quite small and would tend to be offset by the changes in NE.
In summary, this study provides evidence for a vasoconstrictor role for vasopressin in an animal model of low output congestive heart failure. Although resting plasma levels of AVP were not elevated, sensitivity to exogenous vasopressin was increased and blockade of the vascular effects of vasopressin produced significant falls in blood pressure and peripheral vascular resistance in animals with heart failure. In this model of heart failure, all three vasoconstrictor systems, namely the sympathetic, renin-angiotensin, and vasopressin, appear to be activated.
